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Sumnary 

A fine mesh Euler solution of the F4/A4 UDF model flowfield is compared 
with LDV data taken in the NASA Lewis 8- by 6-Foot Supersonic Wind Tunnel. 
The comparison is made primarily at one axial plane downstream of the front 
rotor where the LDV particle lag errors are reduced. The agreement between 
measured and predicted velocities in this axial plane is good. The results 
show that a dense mesh is needed in the centerbody stagnation region to 
minimize entropy generation that weakens the aft row passage shock. 
predicted radial location of the tip vortex downstream of the front rotor 
agrees well with the experimental results but the strength is overpredicted. 
With 40 points per chord line, the integrated performance quantities are 
nearly converged, but more points are needed to resolve passage shocks and 
flow field details. 

The 

Introduction 

Many computational codes [l-61 predict the aerodynamic and acoustic 
characteristics of advanced ducted and unducted propeller/fan geometries. 
methodologies employed in these codes, however, require some simplifying 
assumptions regarding the nature of the flow through these machines. 
years, advances in computational techniques and computer technology have 
permitted the use of fewer assumptions that, in turn, allow for a more 
realistic modeling of the complex three-dimensional flowfields. 

The 

Over the 

The fully three-dimensional Euler solvers available today approximate the 
actual flow physics by neglecting viscous effects. 
used extensively in the design process though, it is necessary to identify 
their limitations quantitatively. 
comparisons between flowfield predictions and experimental data. The 
comparison here is between predictions from an Euler code and the LDV measured 
flowfield in the tip region of an advanced counterrotation pusher propfan. 
The operating point is near the high Mach number design point (0.72) at cruise 
condition blade loadings. At this condition the blade tips are operating in a 
relative flow of Mach 1.08. Of interest are the strong tip vortices and the 
blade wakes from the front row that are interacting with the aft row. 
design process it is important to predict these flow features for acoustic 
predictions. 

Before these codes can be 

One way to do this is by making detailed 

In the 
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p r o p e l  1 e r  annul us area, ft2 
power c o e f f i c i e n t  ; P/  (po0 n3-  D5) 
s p e c i f i c  heat  a t  c o n s t a n t  volume 
p r o p e l l e r  d iameter ,  f t  
maximum number o f  a x i a l  p o i n t s  
l e a d i n g  edge a x i a l  i ndex  
t r a i l i n g  edge a x i a l  index 
advance r a t i o ;  V,/(n.D) 
maximum number o f  r a d i a l  p o i n t s  
t i p  r a d i a l  index 
maximum number o f  c i r c u m f e r e n t i a l  p o i n t s  
r o t a t i o n a l  speed, rev /sec  
power, f t- l b/sec 
power c o e f f i c i e n t  ; P/  (p ,*n3*D3*AA) 
s t a t i c  pressure,  1 b / f t 2  
t o t a l  pressure,  1 b / f t 2  

t h r u s t ,  l b  
t h r u s t  c o e f f  i c i  e n t  ; T /  (Po*n2*D2-AA) 
s t a t i c  temperature,  degrees Rankine 
t o t a l  temperature,  degrees Rankine 
v e l o c i t y ,  f t / s e c  
s tandard day c o r r e c t e d  f ree -s t ream ( a x i a l )  i n f l o w  v e l o c i t y ,  f t / s e c  
l o c a l  b lade  angle,  degrees 
b lade  ang le  a t  75 pe rcen t  o f  t i p  r a d i u s ,  degrees 
r a t i o  o f  s p e c i f i c  heats  
a i r  d e n s i t y ,  s l  u g s / f t 3  

en t ropy ;  cv I n  I: ( P / P m ) / ( P / P m ) Y  1 

S u b s c r i p t s :  
a a x i  a1 
r r a d i a l  
t t a n g e n t i a l  
0 f rees t ream c o n d i t i o n  
1 fo rward  p r o p e l l e r  r o t o r  
2 a f t  p r o p e l l e r  r o t o r  

Experimental Apparatus and Procedure 

Test  Faci 1 i t y  

The exper imenta l  d a t a  was taken i n  t h e  NASA Lewis 8- by 6-Foot Supersonic 
Wind Tunnel .  Reference 7 desc r ibes  t h e  tunne l  i n  d e t a i l .  A ba lance chamber 
enc loses t h e  8 - f t - h i g h  by 6 - f t - w i d e  t e s t  s e c t i o n .  The w a l l s ,  f l o o r ,  and 
c e i l i n g  o f  t h e  t e s t  s e c t i o n  c o n t a i n  ho les  t h a t  p r o v i d e  a t o t a l  p o r o s i t y  o f  
app rox ima te l y  s i x  pe rcen t .  These ho les  a re  designed t o  m in im ize  model-wal l  
i n t e r a c t i o n s  a t  h i g h  subsonic speeds. For  t h e  LDV t e s t i n g ,  t h e  t e s t  s e c t i o n  
w a l l  has a 26.5 i n c h  d iameter  o p t i c a l  window t h a t  reduces t h e  p o r o s i t y  and 
changes t h e  f ree -s t ream Mach number s l i g h t l y .  
c a l i b r a t i o n  measured t h i s  e f f e c t  on Mach number, t h e  a n a l y s i s  does n o t  i n c l u d e  
t h e  e f f e c t  o f  t h e  window. I n s t e a d  t h e  Mach number used was t h e  t u n n e l  Mach 
c o r r e c t e d  f o r  t h e  presence o f  t h e  porous w a l l s .  

Whi le  a r e c e n t  t u n n e l  
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Test Model 

The model used in this test is of a counterrotating pusher propeller. 
Except for the actual blade type and rotor-to-rotor spacing, this model is 
similar to the full-scale Unducted Fan (UDF) developed by General Electric. A 
detailed discussion of the propeller test rig and UDF model is in reference 8. 
The model had eight blades of the F4 design mounted in the front rotor and 
eight A4 blades installed in the aft. Table I lists the specifications for 
the F4/A4 configuration design point. 

The blade setting angles and the shaft speeds are constant throughout the 

Because of an apparent transducer 
LDV test program. During this testing, the model and tunnel operating 
conditions were read and recorded 83 times. 
malfunction, the power absorbed by the front row started to drift after the 
first 20 readings. 
condition represented by the average of the overall performance 
characteristics for the first 20 readings. These values are listed in table 
11. 

The Euler predictions were generated to simulate the 

Laser Vel ocimeter 

A four-beam, two-color, on-axis backscatter LDV system was used to obtain 
the experimental data which was presented in reference 9 and will be used in 
these comparisons. This LDV system measured, at most, two components of 
velocity at one time. To measure all three components - axial, radial and 
tangential - data had to be obtained at the desired measurement locations in 
each of two different planes. These measurement planes are illustrated in 
figure 1. The time-averaged flow field was assumed to be axisymmetric, 
allowing the different velocity components to be obtained independently at 
different circumferential locations about the model center1 ine. Axial and 
tangential velocities were computed from measurements made with the probe 
volume positioned in the horizontal plane along the centerline of the model. 
Radial velocities were measured above the model in the vertical plane passing 
through the model centerline. Also illustrated in figure 1 is the sign 
convention used: axial velocities in the downstream direction are positive; 
tangential velocities in the direction of rotation of the front rotor are 
negative; and radial velocities outward away from the nacelle are positive. 

The cross-marks in figure 2 show the axial and radial locations at which 
the LDV data were acquired. Data were obtained in nine constant axial planes 
outside of the blade rows and at three constant radial stations within each 
blade row. As explained in reference 9, all three velocity components were 
not acquired at all of the measurement locations. For each component which 
was measured, 2000 velocity measurements were obtained per 1 ocat i on. An angl e 
encoder was used to tag each velocity measurement with the angular position of 
either one o f  the two rotors. 
complete rotor revolution into 4096 bins. During data acquisition each 
velocity measurement was sorted into one of these bins. 
reduction process, the 2000 velocities were ensemble averaged into 256 bins 
(32 bins per blade pitch). 
phase lock averaged into one composite blade passage of 32 bins. 
circumferentially averaged velocity was also determined by computing the mean 

This encoder divided the 360 degrees of a 

As part of the data 

A 
The data of the eight blade passages was then 
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of the 32 phase lock averaged velocities. 
acquisition and data reduction procedures see reference 9. These phase lock 
averaged and circumferentially averaged velocities will be compared to Euler 
solutions. 

For more details on the data 

It should be pointed out that a correction has been applied to the radial 
velocities presented herein that was not applied to the data of reference 9. 
This correction is for a bias error that may be related to the use of a Bragg 
cell in the LDV transmitting optics. A comparison of tangential velocities 
measured with and without the Bragg cell (not shown here), illustrated the 
problem. During the test, tangential velocities were measured with the LDV 
system configured as both a one- and two-component system. In the two 
component configuration, tangential velocities are resolved from velocity 
components measured at +/- 45 degrees from the horizontal. As a one-component 
system, the vertical velocity component (either tangential or radial depending 
on location) is measured directly. In this case a Bragg cell in the optical 
path sets the fringes within the probe volume in motion at a velocity 
proportional to the 40 MHz cell frequency. Measurements taken without the 
Bragg cell showed the expected result of no swirl existing in the flow 
upstream of the propeller. Tangential velocities acquired with the Bragg 
cell, however, showed a negative swirl (opposite the direction of rotation) 
far upstream of the front rotor. I n  fact, the velocities measured with the 
Bragg cell consistently differed by 15 to 19 feet/second from those measured 
without the Bragg cell for all measurement locations. Whether or not the 
Bragg cell itself is the cause of these differences is not known; however, 
since this data is not consistent with what was expected to occur upstream of 
the rotor, it is thought to be in error. While the tangential velocities 
acquired with the Bragg cell presented in reference 9 were corrected for this 
bias, the radial velocities were not. The radial velocities presented in this 
report have been corrected by reducing each by 19 ft/sec. 

Numerical Procedure 

The three-dimensional Euler code developed by Adamczyk, e t  a l ,  [ 1 , 2 ]  was 
used to generate the numerical predictions described here. This code solves 
for the three-dimensional flow through an "average" passage of a blade row. 
The algorithm uses a modified Jameson finite volume scheme with a four stage 
Runge-Kutta integration to solve for the flow through a single blade row. 
Distributed body forces and energy terms are applied to the cells swept out by 
the other blade rows to represent those rows during a calculation. Once the 
solution for the given row converges, the body forces and energy sources for 
the current row are updated from the axisymmetric average of the 3-D solution. 
The measure of convergence in the global sense is the mean squared difference 
(1,-norm) between two flow solutions. 

The outer loop over the blade rows continues until 1,-norms for the 3-0 
flows about each row fall below of the original values. Previous 
comparisons of experimentally measured nacelle surface pressures with those 
calculated using this code for a counterrotating propeller operating at high 
speed have shown good agreement [ l o ] .  
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Results 

Grid Study 

A g r i d  s tudy helped t o  determine t h e  minimum number o f  f l o w f i e l d  p o i n t s  
needed f o r  a converged s o l u t i o n .  
t h e  i n t e g r a t e d  t h r u s t  and power c o e f f i c i e n t s  f o r  each row. 
v a r i a b l e  was t h e  number o f  p o i n t s  N along a chord l i n e .  As N changes, t h e  
number o f  mesh p o i n t s  i n  a l l  d i r e c t i o n s  a re  sca led  t o  m a i n t a i n  c e l l  aspect 
r a t i o .  F i g u r e  3 p resen ts  t h e  dependence o f  C, on mesh d e n s i t y  (l/N). The 
f i r s t  t h r e e  meshes w i t h  10, 20, and 40 p o i n t s  (meshes 1, 2, and 4) a r e  coarse 
near  t h e  centerbody s t a g n a t i o n  p o i n t .  A lso ,  t h e  g r i d  p o i n t s  a r e  c l u s t e r e d  
near  t h e  l e a d i n g  and t r a i l i n g  edges, w i t h  no c l u s t e r i n g  a t  t h e  passage shock 
l o c a t i o n s .  The mesh dimensions f o r  these t h r e e  meshes, as w e l l  as t h e  meshes 
used l a t e r ,  a r e  l i s t e d  i n  more d e t a i l  i n  Table 111. 

The dependent v a r i a b l e s  f o r  t h i s  s tudy  were 
The independent 

The 3-D f l o w f i e l d s  a l s o  show t h a t  t h e  coarse mesh i n  t h e  s t a g n a t i o n  
r e g i o n  o f  t h e  body generates a r e g i o n  o f  h i g h  en t ropy  i n  these  meshes (1,2&4). 
The e n t r o p y  l a y e r  convects  downstream and weakens t h e  passage shock on t h e  A4. 
F i g u r e  4 shows t h e  ax isymmetr ic  p r o j e c t i o n  o f  mesh 4, w h i l e  f i g u r e  5 shows t h e  
corresponding en t ropy  l a y e r .  
f l o w  show t h a t  con tou r  l i n e s  a re  connec t ing  t o  t h e  i n l e t .  T h i s  i n d i c a t e s  t h a t  
t h e  upstream boundary i s  t o o  c lose .  
w i t h  t h e  same mesh pack ing (coarse)  near  t h e  centerbody s t a g n a t i o n  r e g i o n .  
There was almost no change i n  e i t h e r  t h e  i n t e g r a t e d  q u a n t i t i e s  o r  t h e  en t ropy  
genera t i on .  

Pressure con tou rs  p l o t t e d  f rom t h e  ax isymmetr ic  

I n  mesh 5 t h e  i n l e t  was moved upstream 

As shown i n  f i g u r e  3, t h e  f r o n t  row i s  converg ing  w e l l  w i t h  N=40. The 
a f t  row shows a change i n  t r e n d  w i t h  i n c r e a s i n g  N, which i m p l i e s  t h a t  t h e  a f t  
row would r e q u i r e  more than  N=40. Examinat ion o f  t h e  3-D f l o w f i e l d s  showed 
t h a t  t h e  change i n  t r e n d  i s  due t o  a sharpening o f  t h e  passage shock i n  t h e  
r o o t  r e g i o n  o f  t h e  A4. The c u r r e n t  v e r s i o n  o f  t h i s  code r e q u i r e s  t h a t  t h e  
mesh have a common ax isymmetr ic  p r o j e c t i o n  f o r  a l l  a x i a l - r a d i a l  mesh su r faces .  
S ince t h e  p o s i t i o n  o f  passage shock on t h e  A4 v a r i e s  a x i a l l y  i n  t h e  b lade  
passage, t o  g e t  good r e s o l u t i o n  o f  t h i s  shock w i t h  these  meshes r e q u i r e s  a 
f i n e  mesh o v e r  a s u b s t a n t i a l  p o r t i o n  o f  t h e  b lade  chord.  Hence, f o r  t h e  A4, 
more than  N=40 i s  r e q u i r e d .  

To c o r r e c t  f o r  these mesh problems two a d d i t i o n a l  meshes were used. Mesh 
The 6 extends f a r t h e r  upstream and has more pack ing i n  t h e  s t a g n a t i o n  r e g i o n .  

i nc reased  mesh pack ing  reduces t h e  en t ropy  g e n e r a t i o n  and weakens t h e  e n t r o p y  
l a y e r ,  which r e s u l t s  i n  a s t r o n g e r  passage shock. The f i n a l  mesh improvement 
i n v o l v e s  pack ing  t h e  mesh a t  t h e  l o c a t i o n  o f  t h e  b lade  passage shocks as 
i n d i c a t e d  by t h e  ax isymmetr ic  f l o w f i e l d .  Mesh 7, w i t h  N=40, produces 
e s s e n t i a l l y  t h e  same r e s u l t  as mesh 6 and i s  t h e  model f o r  a l l  meshes used i n  
t h e  subsequent s t u d i e s .  There i s  s t i l l  a change i n  C, between N=20 and N=40, 
b u t  i t  i s  improved i n  t h i s  mesh. F i g u r e  6 shows t h e  ax isymmetr ic  p r o j e c t i o n s  
o f  mesh 7 t o  i l l u s t r a t e  a good N=40 mesh and f i g u r e  7 shows t h e  co r respond ing  
en t ropy  1 aye r .  

A l l  c a l c u l a t i o n s  r e p o r t e d  here were r u n  on a Cray Y-MP. Run t imes  f o r  
t h e  N=40 meshes a r e  r o u g h l y  2 . 5 3 ~ 1 0 - ~  secondlcyc l  e / p o i n t .  
a re  r o u g h l y  3 . 2 5 ~ 1 0 - ~  Megaword/point. 
i n t e g r a t e d  performance q u a n t i t i e s  when t h e  average d ( p ) / d t  r e s i d u a l  has 
dropped 2 t o  2.5 o r d e r s  o f  magnitude. 

Memory requi rements 
The smal l  e r  runs  achieve convergence o f  

The l a r g e s t  meshes r e q u i r e d  a t  l e a s t  
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t h r e e  passes 
t i m e  s teps t o  

The g r i d  
tunne l  t e s t .  
i n  f i g u r e  3 w 
performance w 

one pass c o n s i s t s  o f  a f r o n t  row and an a f t  row s o l u t i o n )  o f  800 
o b t a i n  a convergence o f  2 . 5  t o  3 o r d e r s  o f  magnitude. 

d e n s i t y  s tudy used t h e  b lade  s e t t i n g  angles s e t  i n  t h e  wind 
The C ,  values f o r  t h e  exper iment,  l i s t e d  i n  t a b l e  11, a r e  shown 
t h  those f o r  t h e  mesh s tudy .  These d a t a  show t h a t  t h e  p r e d i c t e d  
t h  t h e  exper imenta l  b lade  angles does n o t  agree w i t h  exper iment .  

The E u l e r  code o v e r p r e d i c t s  t h e  f r o n t  row power by 18% and u n d e r p r e d i c t s  t h e  
a f t  r o w  power by 13% a t  these angles.  

To improve t h e  comparisons a f l o w f i e l d  w i t h  C, matched t o  t h e  exper iment,  
mesh 13, i s  p r e d i c t e d  i n  a d d i t i o n  t o  t h e  matched b lade  ang le  f l o w f i e l d .  Table 
IV l i s t s  t h e  b lade  angles and power c o e f f i c i e n t s  o f  each b lade  row f o r  these 
two c o n d i t i o n s .  Note t h a t  t o  match t h e  power c o e f f i c i e n t ,  t h e  f r o n t  b lade  
ang le  was reduced by 1.3 degrees, and t h e  r e a r  i nc reased  by 0.6 degrees. I n  
t h e  exper iment ,  t h e  power c o e f f i c i e n t  o f  each r o t o r  i s  measured by a balance 
l o c a t e d  w i t h i n  t h e  model n a c e l l e .  The t h r u s t  and power c o e f f i c i e n t  f rom t h e  
E u l e r  p r e d i c t i o n s  i s  c a l c u l a t e d  by i n t e g r a t i n g  t h e  s u r f a c e  s t a t i c  p ressu re  on 
t h e  b lade .  I g n o r i n g  v i scous  e f f e c t s  should change t h e  i n t e g r a t e d  q u a n t i t i e s  
by o n l y  a few pe rcen t ,  so t h e  d i f f e r e n c e s  here a re  n o t  f e l t  t o  be comp le te l y  a 
v i scous  e f f e c t .  

Once generated, t h e  p r e d i c t e d  f l o w f i e l d  v e l o c i t i e s  a r e  i n t e r p o l a t e d  a long  
mesh l i n e s  t o  t h e  a x i a l  l o c a t i o n s  o f  t h e  LDV da ta .  The p r e d i c t i o n s  a r e  then  
processed th rough  t h e  LDV d a t a  p l o t t i n g  so f tware .  
p r e d i c t e d  v e l o c i t y  components a t  a x i a l  s t a t i o n  5. These components, a t  a 
f r a c t i o n a l  r a d i u s  o f  r / R = l . O ,  a r e  f o r  *shes 7, 8, and 9 (40 ,  20 and 10 p o i n t s  
p e r  chord r e s p e c t i v e l y ) .  
d e t a i l s .  The N=10 mesh d i f f e r s  s i g n i f i c a n t l y  f rom t h e  N=20 mesh, b u t  t h e  
d i f f e r e n c e s  between N=20 and N=40 a re  s m a l l e r .  
v e l o c i t y  components echoes t h e  convergence seen i n  t h e  i n t e g r a t e d  q u a n t i t i e s  
b u t  w i l l  r e q u i r e  a g r e a t e r  mesh d e n s i t y .  

F i g u r e  8 shows t h e  

They show t h e  e f f e c t  o f  mesh d e n s i t y  on v e l o c i t y  

The convergence i n  t h e  

E x t r a p o l a t i n g  f rom t h e  N=10, 20, and 40 p o i n t  meshes, an N=80 p o i n t  mesh 
would r e q u i r e  r o u g h l y  4 m i l l i o n  g r i d  p o i n t s  and have a r u n  t i m e  o f  50 hours.  
Runs o f  t h i s  s i z e  a re  c u r r e n t l y  i m p r a c t i c a l ,  so t h i s  paper w i l l  examine t h e  
accuracy o f  N=40 p o i n t  mesh p r e d i c t i o n s .  

Comparisons w i t h  LDW Data 

The f i r s t  code v a l i d a t i o n  i s  a comparison o f  p r e d i c t e d  and measured 
c i r c u m f e r e n t i a l l y  averaged t a n g e n t i a l  v e l o c i t i e s .  The comparison, shown i n  
f i g u r e  9, i s  f o r  r/R=0.8 a t  a x i a l  s t a t i o n s  2, 3, 4 ,  and 5 .  The LDV d a t a  cu rve  
shows l o w e r  t a n g e n t i a l  v e l o c i t i e s  than e i t h e r  o f  t h e  E u l e r  p r e d i c t i o n s  
(matched power and matched b lade  ang le )  and i n d i c a t e s  t h a t  t h e  magnitude of  
t h e  t a n g e n t i a l  v e l o c i t y  increases s i g n i f i c a n t l y  w i t h  i nc reased  d i s t a n c e  
downstream o f  t h e  f r o n t  r o t o r .  T h i s  i m p l i e s  t h a t  t h e  s w i r l  and t h e  angu la r  
momentum o f  t h e  f l o w  a re  i n c r e a s i n g  downstream o f  t h e  r o t o r .  T h i s  i s  n o t  
c o r r e c t  s i n c e  t o  i nc rease  t h e  angu la r  momentum work must be done on t h e  f l o w .  
Downstream o f  t h e  r o t o r  t h e  a x i a l  v a r i a t i o n  o f  t h e  t a n g e n t i a l  v e l o c i t y  a t  a 
g i v e n  r a d i a l  l o c a t i o n  should be r e l a t i v e l y  cons tan t ,  w i t h  o n l y  s l i g h t  changes 
o c c u r r i n g  due t o  s l i p s t r e a m  c o n t r a c t i o n .  
shapes o f  t h e  curves corresponding t o  t h e  E u l e r  s o l u t i o n s  r e f l e c t  t h i s  
behav io r .  

A l though t h e y  d i f f e r  i n  l e v e l ,  t h e  
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The LDV d a t a  cu rve  o f  f i g u r e  9 i n d i c a t e s  a p a r t i c l e  l a g  problem. That 
i s ,  t h e  LDV seed p a r t i c l e s  (a tomized d r o p l e t s  o f  d i o c t y l  p h t h a l a t e )  appear t o  
be t o o  b i g  t o  f o l l o w  t h e  f l o w .  C a l c u l a t i o n s  i n d i c a t e  t h a t  p a r t i c l e s  w i t h  
d iameters between one and two microns would be smal l  enough t o  f o l l o w  t h e  
shock- f ree f l o w  o u t s i d e  t h e  b lade  passages. 
o r d e r  o f  s i x  microns i n  d iameter ,  would respond i n  a manner s i m i l a r  t o  t h e  
s o l i d  cu rve  i n  f i g u r e  9. T h i s  cu rve  was generated u s i n g  t h e  techn ique  o f  
r e f e r e n c e  11, w i t h  t h e  p a r t i c l e  response f i t t e d  t o  t h e  LDV da ta .  The cu rve  
corresponds t o  a s i x  m ic ron  p a r t i c l e  sub jec ted  t o  a 67 foo t / second  s t e p  change 
i n  t a n g e n t i a l  v e l o c i t y  a t  r o u g h l y  t h e  3 / 4  cho rd  p o s i t i o n  o f  t h e  f r o n t  r o t o r  
b lades.  T h i s  p r e d i c t e d  response i s  n e a r l y  i d e n t i c a l  t o  t h e  d a t a  curve.  

A much l a r g e r  p a r t i c l e ,  on t h e  

The p a r t i c l e  l a g  e r r o r s  i l l u s t r a t e d  by t h e  above comparison a t  r /R=0.8 
r e p r e s e n t  a "wors t  case" example because t h i s  i s  t h e  innermost  l o c a t i o n  a t  
which a x i a l  and t a n g e n t i a l  v e l o c i t i e s  were measured. As p o i n t e d  o u t  i n  
r e f e r e n c e  9, t h e  mean p a r t i c l e  s i z e  de tec ted  by t h e  LDV system i s  expected t o  
v a r y  w i t h  measurement l o c a t i o n .  
h o r i z o n t a l  p lane,  t h e  l a s e r  beams r e f l e c t  o f f  t h e  n a c e l l e  su r face .  As t h e  
probe volume i s  zoomed i n  towards t h e  n a c e l l e ,  t h e  LDV system's r e c e i v i n g  
o p t i c s  d e t e c t  a l a r g e r  p o r t i o n  o f  t h e  l i g h t  r e f l e c t e d  o f f  t h e  body. T h i s  
r e f l e c t e d  l i g h t  appears as e l e c t r o n i c  n o i s e  on t h e  s i g n a l s  c r e a t e d  by t h e  
p a r t i c l e s  pass ing  th rough  t h e  probe volume. As t h e  n o i s e  l e v e l  increases,  t h e  
weaker s i g n a l s  become b u r i e d  i n  t h e  no ise ,  and i t  i s  i n c r e a s i n g l y  more 
d i f f i c u l t  t o  measure t h e  s i g n a l  f requenc ies  and, t h e r e f o r e ,  t h e  p a r t i c l e  
v e l o c i t i e s .  
p a r t i c l e s  pass ing  th rough  t h e  probe volume. 
t h e  average s i z e  o f  t h e  p a r t i c l e s  d e t e c t e d  by t h e  LDV system inc reases .  The 
mean p a r t i c l e  s i z e  f u r t h e r  o u t  near  t h e  t i p  should be somewhat l e s s  than  s i x  
microns.  The r a d i a l  v e l o c i t i e s ,  which were measured i n  a v e r t i c a l  p lane  above 
t h e  model, should be r e l a t i v e l y  f r e e  f rom p a r t i c l e  l a g  b i a s  e r r o r s .  

Whi le  p o s i t i o n e d  t o  a c q u i r e  d a t a  i n  t h e  

On t h e  average, t h e  weaker s i g n a l s  a re  produced by t h e  s m a l l e r  
Therefore,  c l o s e r  t o  t h e  n a c e l l e  

F i g u r e  9 i n d i c a t e s  t h a t  t h e  d i f f e r e n c e s  due t o  p a r t i c l e  l a g  between t h e  
d a t a  and t h e  E u l e r  s o l u t i o n s  decrease w i t h  d i s t a n c e  downstream o f  t h e  r o t o r .  
Therefore,  i t  i s  b e s t  t o  make comparisons a t  an a x i a l  l o c a t i o n  r e l a t i v e l y  f a r  
downstream. The d a t a  o b t a i n e d  a t  a x i a l  s t a t i o n  f i v e  w i l l  be used i n  t h e  
comparisons t h a t  f o l l o w .  

I t  should be p o i n t e d  o u t  t h a t  i n  t h e  f o l l o w i n g  comparisons t h e  d a t a  of 
r e f e r e n c e  9 has been s h i f t e d  c i r c u m f e r e n t i a l l y  so t h a t  t h e  l o c a t i o n s  of  t h e  
b lade  wakes more c l o s e l y  match those  p r e d i c t e d  by t h e  E u l e r  a n a l y s i s .  
O r i g i n a l l y  ( f o r  r e f e r e n c e  9 ) ,  t h e  c i r c u m f e r e n t i a l  placement o f  t h e  d a t a  
r e l a t i v e  t o  t h e  b lades was determined based on d a t a  o b t a i n e d  d u r i n g  i n t r a b l a d e  
surveys.  Fa lse  v e l o c i t y  measurements due t o  r e f l e c t i o n s  o f f  t h e  b lades 
( " b l a d e  f l a s h " )  were used t o  e s t i m a t e  t h e  l o c a t i o n s  o f  t h e  b lades i n  t h e  d a t a .  
T h i s  o n l y  p r o v i d e s  an approx ima t ion  o f  t h e  b lade  l o c a t i o n ,  however, due t o  
u n c e r t a i n t y  as t o  t h e  exac t  p a r t  o f  t h e  b lade  g e n e r a t i n g  t h e  b lade  f l a s h .  
I n i t i a l  comparisons between t h e  d a t a  and a n a l y s i s  i n d i c a t e d  a d i f f e r e n c e  i n  
t h e  wake l o c a t i o n s  o f  app rox ima te l y  2.8 degrees. S ince i t  i s  n o t  known 
whether these d i f f e r e n c e s  a re  r e a l  o r  t h e  r e s u l t  o f  an i n a c c u r a t e  e s t i m a t e  of  
t h e  b lade  l o c a t i o n ,  t h e  exper imenta l  d a t a  was s h i f t e d  t o  p r o v i d e  a b e t t e r  
match w i t h  a n a l y s i s .  

F i g u r e s  10 and 11 p resen t  t h e  F4  a x i a l  v e l o c i t y  f l o w f i e l d  f o r  t h e  e n t i r e  
s t a t i o n  5 p l o t t e d  f rom t h e  LDV d a t a  and mesh 7 E u l e r  p r e d i c t i o n .  The 
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c r o s s f l o w  v e l o c i t i e s  a r e  presented i n  f i g u r e s  12 & 13. S t a t i o n  5 i s  j u s t  
ahead o f  t h e  l e a d i n g  edge o f  t h e  A4 b lade  row. 
which t h e  LDV measured a l l  t h r e e  v e l o c i t y  components a r e  shown. ( F u r t h e r  
i n b o a r d  t h e  l a s e r  beam r e f l e c t i o n s  o f f  t h e  n a c e l l e  s u r f a c e  p reven ted  
measurement o f  t h e  a x i a l  and t a n g e n t i a l  components.) The v iew d e p i c t e d  i n  
f i g u r e s  10 th rough  13 i s  f rom downstream o f  t h e  f r o n t  r o t o r ,  l o o k i n g  upstream. 
The o u t l i n e s  o f  t h r e e  f r o n t  r o t o r  b lades and t h e  hub con tou r  show t h e  r e l a t i v e  
l o c a t i o n s  between t h e  v e l o c i t y  measurements, p r e d i c t i o n s ,  and t h e  p r o p e l l e r  
b lades.  I n  t h i s  view, p r o p e l l e r  r o t a t i o n  i s  coun te r -c lockw ise .  

Only t h e  r a d i a l  l o c a t i o n s  a t  

The g r a y  s c a l e  con tou rs  o f  a x i a l  v e l o c i t y  i n  f i g u r e s  10 and 11 show t h a t  
t h e  p r e d i c t i o n  i s  f a i r l y  s i m i l a r  t o  t h e  measured da ta .  The ma jo r  d i f f e r e n c e s  
a re  t h a t  t h e  E u l e r  p r e d i c t i o n  has h i g h e r  v e l o c i t i e s  i nboard  and l o w e r  
v e l o c i t i e s  outboard than  a r e  measured. Numerical d i s s i p a t i o n  i s  e v i d e n t  i n  
t h e  l a r g e r  s i z e  o f  t h e  t i p  v o r t e x  and t h e  d i f f u s e d  b lade  wake. S ince t h e  LDV 
d a t a  i s  t h e  average over  a l a r g e  number o f  r o t o r  r e v o l u t i o n s ,  any v a r i a t i o n  o f  
v o r t e x  p o s i t i o n  would d i f f u s e  t h e  measured v o r t e x .  Therefore,  t h e  a c t u a l  
v o r t e x  co re  d iamete r  would be no l a r g e r  than  i n d i c a t e d  by t h e  LDV da ta .  

The E u l e r  code p r e d i c t i o n  a l s o  suggests a l a r g e r  r e g i o n  o f  reduced a x i a l  
v e l o c i t y  outboard o f  t h e  co re  o f  t h e  t i p  v o r t e x .  
r e s u l t s  because t h e  t i p  v o r t e x  i s  convected downstream a long  a h e l i x  a t  an 
ang le  t o  t h e  a x i a l  d i r e c t i o n .  I n  r e g i o n s  outboard o f  t h e  c o r e  t h e  v e l o c i t y  
f i e l d  o f  t h e  t i p  v o r t e x  has a component i n  t h e  upstream d i r e c t i o n .  
s i z e  o f  t h e  a x i a l  d e f e c t  r e g i o n  i n d i c a t e s  t h a t  t h e  E u l e r  code i s  over-  
p r e d i c t i n g  t h e  t i p  v o r t e x  s t r e n g t h .  

T h i s  a x i a l  v e l o c i t y  d e f e c t  

The l a r g e r  

The c r o s s f l o w  v e l o c i t y  v e c t o r s  i n  f i g u r e s  12 and 13 show t h a t  t h e  
l o c a t i o n  o f  t h e  t i p  v o r t e x  i s  a c c u r a t e l y  p r e d i c t e d .  Here again,  i t  i s  e v i d e n t  
t h a t  t h e  E u l e r  code o v e r p r e d i c t s  b o t h  t h e  s t r e n g t h  and c o r e  d iamete r  o f  t h e  
t i p  v o r t e x .  S ince t h e  b lade  geometry used i s  o n l y  t h e  p r e d i c t e d  h o t  shape, 
t h e r e  may be some t i p  d e f l e c t i o n  t h a t  can account f o r  a h i g h e r  p r e d i c t e d  t i p  
l o a d i n g  and t h e r e f o r e  a s t r o n g e r  t i p  v o r t e x .  
change i n  v e l o c i t y  d i r e c t i o n  across t h e  b lade  wake. The E u l e r  s o l u t i o n  has a 
d i f f u s e  wake and shows o n l y  a gradual  change o f  v e l o c i t y  d i r e c t i o n  across i t .  

The LDV d a t a  shows a sharp 

Genera l l y ,  t h e  secondary v e l o c i t i e s  p r e d i c t e d  by t h e  E u l e r  code a r e  
h i g h e r  than  those measured w i t h  t h e  LDV. 
may be h i g h e r  due t o  a combinat ion o f  t h e  n e g l e c t  o f  v i s c o s i t y  i n  t h e  
a n a l y s i s ,  and t h e  p a r t i c l e  l a g  dec reas ing  t h e  v e l o c i t i e s  i n  t h e  LDV da ta .  

These p r e d i c t e d  secondary v e l o c i t i e s  

The l a r g e r  v o r t e x  c o r e  i n  t h e  E u l e r  p r e d i c t i o n  i s  p r o b a b l y  due t o  a l a c k  
of  r e s o l u t i o n  i n  t h e  l a r g e  c e l l s  behind t h e  r o t o r .  
a re  v e r y  smal l  and t h e  smearing e f f e c t  i s  s m a l l e r .  The mesh s t r e t c h e s  i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n ,  and t h e  mid-passage c e l l  w i d t h  i s  r o u g h l y  t h e  s i z e  
o f  t h e  c o r e  d iamete r  o f  t h e  t i p  v o r t e x .  S ince t h e  mesh does n o t  f o l l o w  t h e  
b lade  wakes o r  t h e  t i p  v o r t e x ,  t h e  smal l  s c a l e  f l o w  f e a t u r e s  d i s s i p a t e  i n  t h e  
l a r g e  c e l l s .  
wake would improve t h e  t i p  v o r t e x  r e s o l u t i o n  downstream. 

Near t h e  r o t o r  t h e  c e l l s  

Adapt ing t h e  mesh i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  t o  f o l l o w  t h e  

To see t h e  d e t a i l s  o f  t h e  f l o w  another  way, f i g u r e s  14, 15, and 16 show 
s t a t i o n  5 v e l o c i t y  components a t  t h r e e  r a d i a l  l o c a t i o n s .  F i g u r e  14 
corresponds t o  r/R=l.O, j u s t  outboard o f  t h e  t i p  v o r t e x  core.  A l l  t h r e e  
v e l o c i t y  components show t h a t  t h e  p r e d i c t e d  t i p  v o r t e x  p e r t u r b a t i o n  i s  w i d e r  
than  i n  t h e  LDV da ta .  The a x i a l  v e l o c i t y  p e r t u r b a t i o n s  a re  v e r y  s i m i l a r  i n  
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magnitude t o  t h e  LDV data,  w h i l e  t h e  t a n g e n t i a l  and r a d i a l  components a r e  
o v e r p r e d i c t e d  by t h e  E u l e r  code. The l a r g e s t  d i sc repancy  i s  i n  p r e d i c t e d  
r a d i a l  p e r t u r b a t i o n ,  which i s  t w i c e  as l a r g e  as t h e  exper iment .  The p r e d i c t e d  
r a d i a l  v e l o c i t y  i s  i n  phase w i t h  t h e  LDV da ta ,  b u t  t h e r e  i s  a s l i g h t  phase 
s h i f t  i n  t h e  a x i a l  and t a n g e n t i a l  components. 

The d a t a  i n  f i g u r e  15 i s  a t  t h e  l o c a t i o n  c l o s e s t  t o  t h e  c e n t e r  o f  t h e  t i p  
v o r t e x :  r/R=0.96. A t  t h i s  s t a t i o n  t h e  p r e d i c t e d  a x i a l  p e r t u r b a t i o n  i s  n e a r l y  
zero, i n d i c a t i n g  t h a t  i n  t h e  E u l e r  s o l u t i o n  t h i s  i s  t h e  c e n t e r  o f  t h e  v o r t e x .  
The magnitude o f  t h e  p r e d i c t e d  r a d i a l  v e l o c i t y  p e r t u r b a t i o n  i s  n e a r l y  c o r r e c t ,  
b u t  shows t h a t  t h e  p r e d i c t e d  v o r t e x  has about t w i c e  t h e  d iamete r .  

The t h i r d  r a d i a l  c u t ,  f i g u r e  16, i s  a t  r/R=0.86. T h i s  i s  i n b o a r d  o f  t h e  
t i p  v o r t e x  and m o s t l y  shows t h a t  t h e  p r e d i c t e d  r a d i a l  p e r t u r b a t i o n s  a r e  v e r y  
good i n  t h e  b l a d e  wake. 
p a r t i c l e  l a g  a r e  v e r y  d i f f e r e n t  than t h e  p r e d i c t i o n .  

I t  a l s o  shows t h a t  t h e  LDV t a n g e n t i a l  v e l o c i t i e s  w i t h  

A f i n a l  comparison a t  s t a t i o n  5 i s  i n  f i g u r e  17 where t h e  ax isymmetr ic  
average o f  t h e  f l o w f i e l d  i s  presented.  T h i s  f i g u r e  h i g h l i g h t s  t h e  d i f f e r e n c e s  
i n  a x i a l  and t a n g e n t i a l  v e l o c i t y  i nboard  o f  t h e  b lade  t i p .  I t  a l s o  shows t h a t  
t h e  f l o w  outboard o f  t h e  t i p  i s  n o t  be ing  p r e d i c t e d  w e l l .  The presence o f  t h e  
LDV window would t e n d  t o  i nc rease  t h e  blockage, and t h e r e f o r e  i n c r e a s e  t h e  
a x i a l  v e l o c i t y  i n  t h e  f rees t ream f l o w .  But,  t h i s  o n l y  accounts f o r  p a r t  o f  
t h e  d i f f e r e n c e .  

Concl us i ons 

Comparisons made here between E u l e r  p r e d i c t i o n s  and LDV measurements f o r  
v e l o c i t i e s  i n  t h e  v i c i n i t y  o f  an advanced c o u n t e r r o t a t i n g  pusher p r o p f a n  a r e  
i n  genera l  good. These compari sons 1 ead t o  t h e  f o l  1 owing conc l  u s i  ons : 

A dense mesh near  t h e  s t a g n a t i o n  r e g i o n  o f  t h e  centerbody i s  needed 
t o  a c c u r a t e l y  p r e d i c t  t h e  a f t  row passage shock s t r e n g t h s .  

A minimum o f  40 p o i n t s  on a chord l i n e  i s  r e q u i r e d  t o  a c c u r a t e l y  
p r e d i c t  t h e  i n t e g r a t e d  b lade  performance. For  t h e  F4 b lade,  which 
has no passage shock a t  t h e  hub, N=40 i s  s u f f i c i e n t .  For  t h e  A4 
b lade,  which does have a passage shock, more than  40 p o i n t s  a r e  
needed t o  r e s o l v e  t h e  passage shock. 

To g e t  converged f l o w  f i e l d  d e t a i l s  r e q u i r e s  more p o i n t s  than  
converged i n t e g r a t e d  q u a n t i t i e s .  Comparisons o f  N=10, 20 and 40 
p o i n t  meshes suggest t h a t  more than  N=40 should be i n v e s t i g a t e d .  

The p r e d i c t e d  t i p  v o r t e x  l o c a t i o n s  a r e  v e r y  good though t h e  v o r t e x  
s t r e n g t h  i s  h igh,  and t h e  co re  s i z e  i s  t o o  l a r g e .  The e x p l a n a t i o n s  
a re  t h a t  n e g l e c t i n g  v i s c o s i t y  i nc reases  t h e  s t r e n g t h ,  and t h e  
numer ica l  d i s s i p a t i o n  i n  l a r g e  c e l l s  behind t h e  b lade  expands t h e  
co re  d iamete r .  
f l ow  t o  keep t h e  t i p  v o r t e x  i n  t h e  t i g h t  mesh. 

An improvement would be t o  a l i g n  t h e  mesh w i t h  t h e  
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Table I. - Design characteristics of the F4/A4 
counterrotating propeller model. 

Design Mach number 
Advance ratio, J 
Design total power coefficient, PQA 
Design total thrust coefficient, TQA 
Disk loading, shp/A, 
Number of blades 
Total activity factor 
Tip speed (rotor I), ft/sec 
Aerodynamic tip sweep, deg 
Inlet radius ratio 

0 . 7 2  
2 . 8 0  
4 . 1 5  
1 . 2 6  

86  

2456 
787 

19/20  
0 . 4 2 4  

8/8 

Table 11. - LDV test conditions for the F4/A4 propeller model. 

READING 
Mach 
J, 

J, 

C P ,  

CP, 

tt 
t s 

Pt 
PS 

Minimum 
2860 
0 . 7 0 8 0  
2 . 7 6 7 6  
2 . 7 5 8 4  
1 . 3 8 8 7  
1 . 2 6 5 6  
542 .17  
492 .57  
2490.74  
1 7 7 9 . 8 3  

Maximum 
2880 
0 . 7 1 2 1  
2 .7899 
2 .7798  
1 . 4 1 5 3  
1 . 3 1 6 2  
5 4 7 . 3 7  
4 9 7 . 4 2  
2511 .88  
1 7 9 6 . 3 3  

Me an 

0 . 7 1 0 0  
2 .7786  
2 .7683  
1 . 4 0 1 9  
1 . 2 9 8 0  
544 .08  
4 9 4 . 2 5  
2498.77  
1 7 8 5 . 3 1  

Standard Deviation 

0.0011 
0 . 0 0 5 3  
0 . 0 0 5 1  
0 . 0 0 8 3  
0.0113 
1 . 5 3  
1 . 4 2  
7 . 1 7  
5 . 5 2  

( 0 . 1 5 % )  
( 0 . 1 9 % )  
( 0 . 1 8 % )  
( 0 . 5 9 % )  
( 0 . 8 7 % )  
( 0 . 2 8 % )  
( 0 . 2 9 % )  
( 0 . 2 9 % )  
( 0 . 3 1 % )  

Table 111. - Grid density study mesh dimensions. 

Details of the 
Mesh IL JL 
1 52 1 6  
2 1 0 3  3 1  
4 , 5  205 6 1  
6 , 7  205 6 1  
8 1 0 3  3 1  
9 52 1 6  
1 3  205 6 1  

grids 
KL 
11 
2 1  
4 1  
4 1  
2 1  
11 
4 1  

used in the density study are: 
ILEl ITEl ILE2 ITE2 JTIP 
1 3  23 32 42  9 
25 4 5  6 3  83  1 7  
49  89  125  165  33  
65 1 0 5  139  179  33  
33  53  70 90 1 7  
1 7  27 35 4 5  9 
65 105  139  179 33  
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Table IV. - Match Cp and matched p conditions. 

AXIAL 
STAT ION 

1 
+ 

Case P1 P,  CPl CFT 
Matched /33,4 56.8 52.3 1.666 1.152 
Matched CP 55.50 52.93 1.413 1.315 

PROBE VOLUME POSITIONING 

HORIZONTAL AND VERTICAL 
POSITIVE RADIAL VEI OCllY 7 POSITIONING BY TRAVEKSING 

VERTICAL PLANE lHROUGll 
MODEL CENTERLINE IN 
WHICH RADIAL VELOCITIES 
WERE MEASURED --__ 

LATERAL POSITIONING 
BY ZOOM LENS 

,-POSITIVE AXIAL 

-- HORIZONTAL PLANE 
THROUGH MODEL 
CENTERLINE IN 

TANGENT I AL 

MEASURED 

NEGATIVE WHICH AXIAL AND 
TANGENT I AL 
VELOCJTY VELOCITIES WERE 

Figure 1. - Schematic of propeller model illustrating LDV probe 
volume positioning and horizontal and vertical measurement planes. 
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1.70 I 

a 1 . 5 5 ,  L. 2 

F4 EXPERIMENTAL VALUE 

u 1.35 1 r 9  

I A 4  EXPERIMENTAL VALUE 
~~ - 

a 

0 
~~ ~ 2 i 3 0 L  ~~ 0 

A 

1.70 1- 
1.15 1- 0 

D 

0 

I I I 
0 .02 .04 .06 .08 . l o  

1.10 L . - A  ! 

Figure 2. - Meridional view of 
propeller model showing LDV 
measurement locations. 

B 

1 l/(POINTS PER CHORD. N) 

Figure 3. - Sensitivity of power 
coefficient to grid density. 
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Figure 4 .  - Axisymmetric projection of mesh 4 .  

Figure 5. - Entropy layer generated in mesh 6 stagnation region. 
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Figure 6. - Axisymmetric projection of mesh 7 .  

Figure 7. - Entropy layer generated in mesh 7 stagnation region. 
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Figure 8. - Mesh density effect on predicted 
velocity details at r/R=l.O. 
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Figure 9. - Axial variation of tangential velocity at r/R=0.8. 
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Figure 10. - LDV measured axial velocities at station 5. 

Figure 11. - Euler predicted axial velocities at station 5. 
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Figure 1 2 .  - LDV measured crossf low v e l o c i t y  f i e l d  a t  s t a t i o n  5 .  

VELOCITY. FT/SEC 

Figure 1 3 .  - Euler  p red ic t ed  c ross f low v e l o c i t y  f i e l d  a t  s t a t i o n  5 .  
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Figure 14. - LDV measured and Euler predicted flowfield at axial 
station 5 for r/R=l.O. 
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Figure 15. - LDV measured and Euler predicted flowfield at axial 
station 5 for r/R=0.96. 
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Figure 16. - LDV measured and Euler predicted flowfield at axial 
station 5 for r/R=0.89. 
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Figure 17. - Axisymmetric average radial distribution of LDV 
measured and Euler predicted velocities at station 5. 
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